The European dogroses (Rosa sect. Caninae (DC.) Ser.) are characterized by a unique meiosis system (''canina-meiosis''), which controls the heterogamous development of tetraploid egg cells and haploid pollen grains resulting in a pentaploid somatic status. This permanent anorthoploidy is supposed to have originated by a hybridization event in the postglacial period. In this study we present molecular evidence by an analysis of nuclear ribosomal DNA data that dogroses are complex allopolyploids resulting from multiple hybridization events. As previously described, the nrITS-1 region does not undergo concerted evolution in dogroses. Thus, different ITS-1 sequences persist within single individuals. Secondary structure predictions do not point to the existence of pseudogenes within these ITS-1 types. Our data suggest that the pentaploid Caninae genome originated from different members of nondogroses and the now extinct Protocaninae.
The genus Rosa (Rosaceae) is one of the most important genus of ornamental plants in terms of economy and cultural history of humankind with about 200 species distributed in the Northern Hemisphere (Rehder 1949; Wissemann 2003a) . Conventional taxonomy (Wissemann 2003a ) divides the genus into four subgenera, three of which are monotypic: Hulthemia (Dumort.) Focke, Platyrhodon (Hurst) Rehder, and Hesperhodos Cockerell. The fourth subgenus, Rosa, habors about 95% of all species and is subdived into 10 sections including Caninae, which is subject of this study. Phylogenetic investigations on the genus have been carried out, for example, by Wu et al. (2000 Wu et al. ( , 2001 and Matsumoto et al. (1998 Matsumoto et al. ( , 2000 . However, results of these studies remain contradictory. The natural distribution of the genus is separated into three major geographical areas: North America, East Asia, and Europe/West Asia. The European/West Asian region is dominated by members of section Caninae (DC.) Ser., the dogroses, which play an essential role in the production of root stocks for ornamental rose breeding. Dogroses have an exceptional position among plants due to their unique meiotic behaviour and breeding system (Grant 1971; Wissemann 2000) .
Contrary to normal meiosis, by which gametes of equal chromosome numbers are produced, canina-meiosis is a heterogamous system with haploid pollen grains and tetraploid egg cells (Blackburn and Harrison 1921; Täckholm 1920 Täckholm , 1922 . Outbreeding leads to permanent pentaploid organisms, which are matroclinal in characters due to the differential contribution of maternal (80%) and paternal genomes (20%) (Ritz and Wissemann 2003; Wissemann and Hellwig 1997) . The evolutionary origin of this peculiar phenomenon in dogroses has been under intensive discussion since the beginning of the 20th century (Wissemann 2000) . Grant (1971) assumed that the system originated by hybridization leading to an allopolyploid status that enabled subsequent postglacial radiation.
To investigate the hybridogenic origin of the dogroses, we analyzed nuclear ribosomal DNA sequence data. We sequenced the internal transcribed spacer, ITS-1, which does not undergo concerted evolution in dogroses (Wissemann 2000 (Wissemann , 2003b as is also described for a variety of other plant genera (reviewed in Alvarez and Wendel 2003; Bailey et al. 2003) . The ITS region is located within the 18S-5,8S-26S rDNA at a single nucleolus organizer region (NOR) per haploid chromosome set in Rosa (Ma et al. 1997) . Thus, up to five paralogous ITS sequences are expected to be found in the pentaploid dogroses under the assumption that ITS sequences are concerted within a NOR. Homogeneity within NORs was observed by Schlotterer and Tautz (1994) , who showed that 35S rDNA repeats within the same NOR are more similar than copies from different NORs. The potential of nrITS sequence data to prove historical hybridization and/or polyploidization events has been shown in Rosaceae for Amelanchier (Campbell et al. 1997 ) and in other plant taxa (Ainouche and Bayer 1997; Ritland et al. 1993; Sang et al. 1995 , Soltis et al. 1995 Soltis and Soltis 1991; Suh et al. 1993; Vargas et al. 1999) .
Additionally, we analyzed secondary structure predictions of the nonconcerted ITS-1 paralogs to detect the possible existence of pseudogenes, which may strongly bias phylogenetic hypotheses. The ITS region is subject to evolutionary constraints related to maintenance of secondary structures and functionality (reviewed in Alvarez and Wendel 2003; Baldwin et al. 1995) . Secondary structure predictions and minimum free energy of the ITS region must be treated with caution, because ITS-1 does not exist as separate molecule but forms the 35S precursor rRNA together with ITS-2, parts of the IGS, 18S rDNA, 5.8S rDNA, and 28S rDNA (Volkov et al. 2004 ). However, although secondary structure predictions of ITS-1 cannot be considered true structure, they can help in the identification of pseudogenes (Bailey et al. 2003; Mayol and Rossello 2001) and can support phylogenetic hypotheses (Denduangboripant and Cronk 2001; Gottschling et al. 2001; Mayol and Rossello 2001) .
Here we present molecular evidence for the multiple allopolyploid origin of dogroses. Dogroses contain a mixed set of different ITS sequence types. Several of these types are also found in nondogrose sections, but one ITS type, the canina type, is exclusively restricted to dogroses and thus might trace the former existence of extinct ancestors of the Caninae, which we call Protocaninae roses.
Materials and Methods

Plant Material
The plant material was collected from the field and from botanical gardens and rose nurseries. Voucher specimens were deposited in the author's herbarium (wis). Nomenclature of the taxa is according to Wissemann (2003a) and for members of sect. Caninae to Klásterškỳ (1969) as well as Henker and Schulze (1993) . The list of plant samples analyzed in the study, including classification, localities, and EMBL accession numbers, is shown in Table 1 .
DNA Extraction
Total DNA was extracted from silica gel-dried material of living plants or herbarium specimens using E.Z.N.A. Plant DNA Mini Kit (Peqlab Biotechnologie GmbH) following the manufacturer's instructions.
Amplification
Amplification of double-stranded DNA was performed in 25 ll containing 2.5 ll 10-fold polymerase buffer, 2.5 ll 2 mM dNTP, 10 pmol/ll of each primer, 1 U of Taq polymerase (QBiogene), 1 ll DNA template, and 1 ll DMSO to avoid the amplification of pseudogenes (Buckler and Holtsford 1996; Buckler et al. 1997) .
Primers for ITS-1 regions were taken from White et al. (1990) : ''ITS5'' 59-GGAAGTAAAAGTCGTAACAAGG-39 and from Ochsmann (2000) : ''P2'' 59-CTCGATGGAA-CACGGGATTCTGC-39. The standard polymerase chain reaction (PCR) conditions consist in a initial denaturation of 180 s at 958C, 28 cycles of 30 s at 958C, 1 min at 488C, and 120 s at 728C, with a final extension of 180 s at 728C.
PCR products of nondogroses were directly sequenced in both directions with the same primers as for amplification with Amersham Bioscience Thermo Sequenase labeled Primer Cycle Sequencing kit with 7-deaza-dGTP. Samples of sect. Caninae and Rosa were subcloned before sequencing. PCR products were purified using Qiaquick PCR purification kit according to the manufacturer's instructions and subcloned with a t-tailed pBluescript II SK (þ) cloning vector into the Escherichia coli strain JM13 via electroporation. Transformed E. coli cells were plated on LB agar with ampicillin (100 lg/ml), IPTG (0.2 mM), and X-Gal (40 lg/ ml). White colonies were selected for growth, and these clones were picked and directly added to the amplification mix for ITS-1 and afterward sequenced (protocols and cycling profiles are identical to the ones described).
Data Analyses
DNA sequences were aligned using ClustalX 1.83 (Thompson et al. 1997 ) and manually edited afterward. Additionally sequences of R. gallica L. were taken from GenBank (accession numbers AB035656, AB043835, AB043824). The complete alignment is deposited in GenBank. A haplotype network was calculated with TCS (Clement et al. 2000 ) using a parsimony algorithm (Templeton et al. 1992) . Within the cladogram built by TCS, we detected five different nrITS-1 types, which consist of highly homogenic sequences. These ITS-1 types are also identified by eye on the base of a combination of 13 coupled diagnostic polymorphic sites in the alignment. Consensus sequences for the five different ITS-1 types were determined based on all sequences within the respective gray shaded box in the cladogram in Figure 1 . To exclude the existence of pseudogenes secondary structure predictions of the five ITS-1 types were inferred with the program Alifold (Hofacker et al. 2002) . The analysis was based on separate alignments of the sequences of the different ITS-1 types identified by the TCS analysis and the diagnostic polymorphic sites (a separate alignment of one ITS-1 type contains all sequences in the respective gray shaded box in Figure 1 ). Alifold was run with the partition function pair probabilities fold algorithm at 208C using DNA parameters (SantaLucia 1998) and default options.
Results
ITS Analysis
The complete alignment (length ¼ 259) of the ITS-1 sequence data of different species of Rosa contains 51 polymorphic sites resulting in up to 4.6% sequence divergence. In a haplotype network, nrITS-1 sequences sampled from across the genus Rosa were confined to five major clusters: the canina, gallica, rugosa, wichurana, and woodsii types (Figure 1 ). These five ITS-1 types, with almost no sequence variation within the cluster, can be differentiated by a characteristic combination of 13 coupled single nucleotide substitutions. The consensus sequences of the five different ITS-1 types with the diagnostic polymorphic sites are shown in Figure 2 . ITS sequences of species of sect. Caninae and Rosa are nonconcerted. No double bands were detected when the ITS sequences of nondogroses were sequenced directly after PCR amplification and thus gave no hint for nonconcerted ITS evolution in these sections so far. With Table 1 ), the second number corresponds to the number of the clone. (Example: C54_2 ¼ Rosa rubiginosa L., clone 2). All other rose taxa are indicated by their full species names.
the exception of the wichurana type, the various ITS-1 sequences of dogroses occurred in all ITS-1 types. The canina type is restricted to dogroses (sect. Caninae) and clones of R. 3 alba, a group of putative R. canina 3 gallica hybrids.
Within the gallica type ITS-1 sequences of Rosa gallica (sect. Rosa), R. 3 alba and one dogrose individual (''R. mosqueta,'' c53) are found. Roses of other sections contain ITS-1 sequences, which are distributed within the rugosa, wichurana, and woodsii type. The rugosa type contains ITS-1 sequences of the monotypic sect. Bracteatae and species of sect. Carolinae, Cinnamomeae, and Pimpinellifoliae. The wichurana type occurs in species of the sections Cinnamomeae, Indicae, Pimpinellifoliae, and Synstylae. The ITS-1 sequences of R. stellata (subgen. Hesperhodos), R. cinnamomea, R. multibracteata, R. palustris, R. willmottiae, R. laxa (sect. Cinnamomeae), R. laevigata (sect.
Lavigatae), R. sericea, and R. hugonis (sect. Pimpinellifoliae) are not directly recognized by the polymorphic sites diagnostic for the wichurana or rugosa type but have an intermediate position between these types. The woodsii type comprises in addition to ITS-1 sequences of sect. Caninae and Rosa, R. banksiae (sect. Banksianae) and R. woodsii (sect. Cinnamomeae).
Secondary Structures
Secondary structure predictions of the nrITS-1 sequences for the alignments of the five different ITS-1 types are shown in Figure 3 . GþC content is nearly identical between these alignments (Table 2) . We identified five different domains (or arms) within the secondary structures, which are shown as shaded areas in Figure 2 . Alignment of the consensus sequences of the canina, gallica, rugosa, wichurana, and woodsii ITS-1 types. Thirteen polymorphic sites diagnostic for the respective ITS-1 types are shown by numbers in circles and are marked by gray bars. Secondary structures of the rugosa and wichurana type are nearly identical, sharing all five domains. The gallica type is also very similar to the rugosa and woodsii type but contains the domain I instead of Ia. The canina type differs mostly from all other ITS types because domains III, IV, and V are replaced by a unique structure. Alifold computed the secondary structures based on the most frequent base at ambiguous sites, but results did not differ when ambiguous sites (variable positions no. 5, 7, 8, and 9 in the wichurana type) were directly implemented.
Discussion
ITS-1 sequences sampled from across the genus Rosa were confined to five major clusters: the canina, gallica, rugosa, wichurana, and woodsii types (Figure 1 ). The woodsii, gallica, and canina types are identical with the A-, B-and C-ITS types, respectively, detected in a previous study of dogrose species by Wissemann (2000) . The apparent absence of concerted evolution of ribosomal DNA among various chromosome sets of different origin within dogroses, which putatively hybridize in nature (Ritz and Wissemann 2003) contrasts with the fast homogenization of ITS sequences in artificial Armeria hybrids (Aguilar et al. 1999 ) and with the elimination of parental rDNA in the putative hybrid Nicotiana tabacum (Volkov et al. 1999 ). On the other hand different ITS copies persist for long time periods in hybrids of Amelanchier (Campbell et al. 1997) . Minimum free energy values of the secondary structure predictions, the GþC content and the presence of the conserved angiosperm motif GGCRY-(4 to 7n)-GYGY-CAAGAA (Liu and Schardl 1994) in all ITS-1 types do not point to the existence of pseudogenes. Minimum free energy values and the GþC content differ only in up to 5.8 kcal/ mol (2.6%), whereas Mayol and Rossello (2001) found differences of the GþC content of 12.7% and 43.6 kcal/mol of the mimimum free energy of ITS-1 sequences of Quercus rubra L. and thus suggested the existence of pseudogenes. We assume that all detected ITS-1 types are potentially functional, because the rugosa, the wichurana, and the woodsii type occur also exclusively in diploid roses of nondogrose sections. The canina type and the gallica type always co-occur with other types (e.g., in Rosa gallica with the woodsii type and in dogroses with the woodsii type or the rugosa type), but the data are inconclusive as to whether several or only one ITS types are transcribed in the plants.
Relative similarity of secondary structures corresponds with the relationships reflected in the minimum spanning tree. Secondary structures of the closely related rugosa and wichurana type are most similar to each other sharing all five helix domains. The secondary structure of the canina type and the woodsii type are most distinct from all other types, which is also mirrored by their more isolated positions.
With the exception of the wichurana type, ITS-1 sequences in dogroses occur in all clusters detected by us. The canina type is restricted to dogroses and the Alba roses (putative R. canina 3 R. gallica hybrids), whereas the other four types contain ITS-1 sequences of various other wild roses of different sections of Rosa. The coexistence of identical ITS-1 sequences in the pentaploid genomes of the dogroses on one hand and in several sections of the genus Rosa on the other hand suggests that the Caninae genome arose by hybridization. Thus our results based on molecular data confirm the hybridogenic origin of dogroses first postulated by Täckholm (1920 Täckholm ( , 1922 and also suggested by Blackburn and Harrison (1921) , Gustafsson (1944) , Gustafsson and Hakansson (1942) , and Hurst (1925 Hurst ( , 1928 based on cytological observations. Furthermore, our data implicate the multiple allopolyploid origin of dogroses between different ancestors of non-Caninae wild roses and Protocaninae. The restriction of the canina type sequences to dogroses implies the existence of a diploid ancestral Protocanina. By hybridogenic introgression into this diploid Protocanina the modern Caninae may have evolved, whereas ancient roses of the canina type cluster became extinct. However, the exact evolutionary process of the joining of the different nondogrose genomes and the Protocaninae genome remains unresolved. We hypothesize that the final pentaploid hybrid and its offspring became established by reproductive isolation via the Canina meiosis, which enabled subsequent radiation when an open landscape appeared after the end of the last glacial period in Europe.
